A new phosphonium salt (4-ethoxybenzyl)-triphenylphosphonium bromide (EBTPPB), having different substituents attached to phosphorous and having different anions, is investigated as an inhibitor for mild steel (MS) corrosion in 0.5 M H 2 SO 4 solutions via electrochemical polarization and electrochemical impedance (EI) spectroscopy. Electrochemical results show that EBTPPB compound has practically good inhibiting features for MS corrosion in the corrosive medium with efficiencies of approximately 98% at an optimum 10 À2 M concentration. The inhibition is of a mixed cathodic-anodic type. Passive potential (E pp ) of the modified steel specimen is in the inactive region and thus inhibits the corrosion process.
Introduction
Corrosion inhibitors reduce the corrosion rate of metallic substances in acidic medium and have been universally applied in case of corrosive attack in crude oil purier and chemical scratching. [1] [2] [3] There are several classes of inhibitors, e.g. mixed, cathodic and anodic, passivated, precipitators, vapour phase, lm forming type and absorbents. [4] [5] [6] [7] [8] There are two processes involved in the action of the corrosion inhibitors: (i) the transfer of the inhibitor to the face of metal and (ii) the chemical interactions of the protector and the metal surface. The adsorption is inuenced by the occurrence of a polar group in the inhibitor structure by which the molecules may connect themselves to the surface of the metal. [9] [10] [11] [12] Free electron pairs on heteroatoms or p electrons and polar groups containing nitrogen, oxygen, phosphorus and/or sulphur in the molecular structure are fundamental characteristics of good inhibitors. [13] [14] [15] [16] The structure and coverage of the inhibitory molecules both determine their inhibiting ability.
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The phosphonium compounds belong to the class of ionic salts. [20] [21] [22] The study of various compounds as inhibitors, including ammonium compounds, has been extensively carried out, but the structurally similar group of phosphonium-based ionic salts has not been fully explored. Quaternary phosphonium-based ionic salts are more thermally stable than ammonium and imidazolium-based ionic salts and therefore suitable for high-temperature reactions (up to 200 C). High tunability is the most desirable property of ionic salts whereby on replacing the halide ion with the anionic functional group, several multifunctional ionic salts with numerous useful properties can be generated. 16, [23] [24] [25] [26] Quaternary Phosphonium additives show biological properties against macro and microorganisms and have the signicant advantage of being "environment-friendly inhibitors". Their benets include low toxicity, less hazardousness, a rapid breakdown in the environment through biodegradation and hydrolysis, and no or little bioaccumulation.
27,28 G. Singh et al., synthesized and worked on the anti-corrosion properties of various phosphonium compounds such as benzyl triphenyl phosphonium bromide (BTPPB) 7, 19 and butyl triphenyl phosphonium bromide (BTPB) 29 for the corrosion of MS in acidic solutions. They also reported possible application of these compounds as green, eco-friendly compounds, which can be used in hydraulic oils and drilling uids to provide corrosion protection. They improve the corrosion resistance of metals and can be applied to the substrate by immersion or be incorporated in a polymer coating. At the engineering level, their use is not only attributable to their efficiency but also to their safety. 20, 22, [27] [28] [29] [30] [31] Phosphonium salts are considered as excellent corrosion inhibitors, particularly in acidic media. Khaled 32 evaluated the inhibiting action of (chloromethyl)triphenyl phosphonium chloride, triphenyl(phenylmethyl)phosphonium chloride and tetraphenyl phosphonium chloride on the corrosion of iron in 1 M HCl solution. Other authors 33 tested tetraphenyl phosphonium bromide as nickel corrosion inhibitor in sulfuric acid medium and also evaluated the effect of R + ,
) salts' addition on the corrosion of nickel in 1 M H 2 SO 4 medium. 34 The results achieved showed that phosphonium iodide addition modies the interface behaviour due to the interaction between the molecule and the material surface. Tetrahydroxymethyl phosphonium sulfate is a wellknown phosphonium salt that shows biocidal properties against sulfate-reducing bacteria (SRB), which produce sulfuric acid in oil industry. The major drawback of this compound is that it shows very low inhibition efficiency and therefore does not act as good protector against corrosion in the same environment. Therefore, a new phosphonium salt (4-ethoxybenzyl)-triphenylphosphonium bromide (EBTPPB), having different substituents attached to phosphorous and having different anions, was investigated as an inhibitor for mild steel (MS) corrosion in 0.5 M H 2 SO 4 solutions via a variety of techniques such as galvanostatic polarization (GP), potentiostatic polarization (PP), temperature kinetics (TK) and electrochemical impedance (EI) studies. The facade morphology of the MS samples in the absence and presence of EBTPPB was investigated using SEM and AFM techniques. The theoretical consideration using quantum chemical calculation was used to corroborate the experimental results obtained.
Experimental

Material test
Mild steel (MS) rod coupons having composition (wt%) C ¼ 1.92, Mn ¼ 0.60, P ¼ 0.17, Si ¼ 0.15, and remainder Fe, having dimension 1 cm Â 1 cm Â 3 cm (L Â B Â H), were employed the as working electrode (WE) for electrochemical measurements. These coupons were accumulated in Araldite glue to facilitate merely 1 cm 2 surface region to get in touch with the aggressive media. Before immersing the MS coupon in the respective solutions, it was mechanically polished to obtain a clean and smooth surface through emery papers of different marks i.e. 100, 320, 600, 1000 and 1500. It was mopped up with acetone and swabbed with condensed water to get rid of any particles from the surface.
Inhibitor structure and test solution
The chemical structure of the investigating inhibitor (4-ethoxybenzyl)-triphenylphosphonium bromide (EBTPPB) is shown in Fig. 1 
Electrochemical measurements
For corrosion inhibition testing, electrochemical measurements were accomplished using galvanostatic, potentiostatic and AC impedance techniques utilizing CHI 760C electrochemical workspace (CH computer instruments, Austin, USA). A three-electrode system was used. MS served as the WE. A platinum foil was exercised the same as an auxiliary electrode (AE). The saturated calomel electrode (SCE) was paired to a luggin capillary pipe whose tilt was placed amid the WE and AE. This three-electrode cell assembly was then kept in a water bath so that the reaction attained a steady-state and/or the open circuit potential (OCP) turned out to be constant. AC impedance results were executed by an AC signal with an amplitude of 10 mV at OCP in the frequency sequence from 10 5 Hz to 0.1 Hz.
The EIS variants, such as charge transfer resistance (R ct ) and double layer capacitance (C dl ), were received from Nyquist spectra. Due to the AC impedance of MS in the presence of a mitigator, the data is made to t with the corresponding impedance values of an equivalent circuit (EC). The process is performed using the soware ZSimpWin Version 3.21. Tafel plots were executed from 298 K to 328 K for galvanostatic and at 298 K for the potentiostatic polarization. The potential range was scanned from À0.9 V to +0.0 V for galvanostatic and +0.0 V to +2.0 V for the potentiostatic polarization at the scan rate 0.001 V s À1 .
Surface morphological studies
Freshly polished MS samples were immersed in 0.5 M H 2 SO 4 alone and with the addition of 10 À2 M and 10 À5 M of EBTPPB for 24 h at a temperature of 25 AE 2 C. These were retrieved aer 24 h, desiccated and subjected to SEM and AFM analyses. SEM Fig. 1 The molecular structure of (4-ethoxybenzyl)-triphenylphosphonium bromide EBTPPB.
and AFM measurements were performed using JEOL -JSM 6610 at the accelerating voltage of 20 kV at 5000Â magnication and NAIO AFM Nano-surf easy scan model no. BT-02218 in high vacuum mode, respectively. SEM was correlated with EDX spectroscopy to make clear the nature of MS surface. Table 1 . Inhibition efficiency (IE%) was calculated using the expression
Temperature kinetic study
where I corr and I corr(inh) signify the corrosion current density unprotected and protected by EBTPPB inhibitor, respectively. Surface coverage (q) was calculated using
At all four temperatures and for all four concentrations of EBTPPB, it was observed that the I corr decreased compared to that of 0.5 M H 2 SO 4 alone. The IE GP (%), as given in Table 1 , rose with the increase in the concentration of EBTPPB but decreased with a move up in temperature. It signies that EBTPPB molecules are adsorbed on the surface of MS at higher concentrations, leading to greater q. A comparison of IE GP (%) values of EBTPPB with BTPPB 36 revealed that EBTPPB exhibits better corrosion inhibition potentials than BTPPB over the concentration and temperature ranges considered in this study. This higher inhibition and adsorption are attributed to the existence of aromatic rings and conjugated p electrons and ethoxy (-OCH 2 CH 3 ) as electron donating group, which serve as adsorption positions for their interaction with the MS surface.
The lopsided values of cathodic and anodic Tafel slopes indicate that two different types of mechanisms are involved in the inhibitory action of EBTPPB on the corrosion of MS surface. This could be (a) adsorption of EBTPPB molecules on the MS surface, thereby creating a boundary on the MS surface which separates it from the surroundings and (b) the synergistic effect offered by some other anions like bromide (Br À ) ions present in the solution. Since, the inhibition efficiency is observed to be higher at higher concentrations of EBTPPB, it can be construed that molecules of EBTPPB get adsorbed on the surface of MS almost entirely.
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The corrosion potential values (E corr ) do not swing much from the corresponding value of MS in 0.5 M H 2 SO 4 . When the change in E corr > AE85 mV/SCE compared to E acid , the mitigator may be judged to be anodic or cathodic in nature. When the shi in E corr < AE85 mV/SCE, the corrosion mitigator can be observed the same as a mixed model. However, in the present case, the potential displacement is less than 50 mV/SCE, which authenticates that EBTPPB performs as a mixed nature of inhibitor.
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Electrochemical impedance spectroscopy (EIS)
From the characterization of simple electrode processes for analysis of very complex interfaces, a method that has gained much relevance and popularity in recent times is now known as Electrochemical Impedance Spectroscopy (EIS). The most critical applications that can be studied using EIS are for testing corrosion, researching batteries and numerous other surface treatments, e.g., coating, etc. 40, 41 An attempt is made to investigate the performance of an ionic salt EBTPPB compound as an inhibitor of corrosion for MS using impedance spectra. Nyquist and Bode spectra of MS in sulfuric acid with and without various concentrations of EBTPPB are specied in Fig. 3(a) and (b), respectively, and data observed from these spectra are tabulated in Table 2 .
The inhibition efficiency was obtained using the following expression (eqn (3)):
where R ct(inh) denotes the charge transfer inhibited resistance and R ct(acid) species the charge transfer resistance in the The intercept on the x-axis (real impedance (Re(Imp))) gives the value of R s , and the end point on the same axis gives the value of R p . The value of charge transfer resistance is then calculated using eqn (4):
The double layer capacitance, C dl is also calculated using the following relation (eqn (5)):
where, f max represents the frequency where the imaginary fraction of the impedance, i.e., Z 00 has upper limit magnitude.
Impedance spectra in the Nyquist plot have a semicircle loop and the span of the semicircle is enhanced with improving the inhibitor concentrations of EBTPPB. The single capacitive loop indicates that a charge transfer process principally controls the rust of MS. Moreover, the AC impedance spectrum contains a depressed semicircle, which indicates the surface heterogeneity due to roughness, fractal structures, inhibitor's adsorption and distribution of activity centers. The EIS results for EBTPPB on MS surface are simulated by an equivalent circuit (EC) revealed in Fig. 4 (c) obtained in accordance with the data tting curve illustrated in Fig. 4(a and b) As seen from Table 2 , it is apparent that the R ct data are enhanced by enhancing the concentration (0.00001 to 0.01 M) of EBTPPB, signifying that the corrosion rate declines. C dl values reduce with the accumulation of EBTPPB, resulting in a reduction in the dielectric constant (3 0 ) and a rise in the wideness of the electrical double shield layer, recommending the creation of the shielding layer on the Fe surface. 
Potentiostatic polarization study (PPS)
Research was executed on the transition of MS rod from active to the passive region in the corrosive medium. It was observed that the active-passive transformation was an auto-catalytic route in which a pre-passive layer develops on the sample surface. Passive screen functions as a blockade, inhibiting the oxidation reaction (Fe dissolution) at the anodic regions. This inhibition mechanism was usually recognized as metal/MS passivation also noticed in the inhibited system EBTPPB.
46,47
The potentiostatic action of the anodic dissolution of MS in the acidic standard in the occurrence of various concentrations (10 À2 to 10 À5 M) of EBTPPB was investigated, and the anodic dissolution parameters such as critical current (I c ), passive potential (E pp ), passive current (I p ) were obtained from Fig. 5 and reported in Table 3 . I c was seen to decrease with increasing concentrations of EBTPPB. The values of I p were also inferior compared with dissolution in EBTPPB alone. The passivation range is the highest at 558-1652 mV for the lower concentration of EBTPPB, which suggests that EBTPPB molecules get adsorbed at a lower concentration (10 À5 M) on the MS surface. The mechanism followed is that of adsorption of (M-Ln) ads molecules as well as the synergistic effect offered by the bromide ion. EBTPPB works as an excellent passivator on MS surface in 0.5 M H 2 SO 4 .
Scanning electron microscopy (SEM)
To examine the surface morphology and acquire an apparent understanding of the nature of adsorptions, scanning electron micrographs were recorded. Fig. 6(a) shows SEM images of polished bare MS surface, which is free from any pits and cracks. Fig. 6 (b) displays the damaged surface and the formation of corrosion products i.e. FeO 2 on the MS surface in the corrosive medium. Fig. 6(c and d) illustrates the morphology of the MS surface aer corrosion in the presence of the EBTPPB. This is evident from the micrographs that the corrosion of MS in the acid media was inhibited substantially in comparison with those in the absence of EBTPPB.
SEM reveals that less corrosion occurred on the MS surface at the time the concentration of additive was 1 Â 10 À2 M for EBTPPB. This may happen due to the involvement of p-electrons present due to conjugation in the phenyl rings. The benzyl group and the phenyl rings seem to blanket the facade of MS in the presence of EBTPPB as an inhibitor as the percentage of carbon is more on the surface. More corrosion is viewed on the 
Energy dispersive X-ray spectroscopy (EDX)
EDX spectroscopy presents the signicance of the intensity and composition of the areas on the MS coupons regarding atomic percent. 50,51 EBTPPB has been investigated as the inhibitor of corrosion of MS. As a shred of evidence for its potential to inhibit corrosion of MS in acidic medium, the energy dispersive spectra of MS surface is recorded in 10 À2 M and 10 À5 M of EBTPPB. The EDX spectra demonstrated in Fig. 7(a-d) correspond to the SEM in Fig. 6(a-d) , and the related information in terms of atomic percent is reported in Table 4 . The spectra in Fig. 7(b) show the peak for iron (Fe) and oxygen (O), signifying the formation of iron oxide/hydroxide on the surface of the MS sample. The spectra of inhibited specimens {Fig. 7(c and d)} that facilitated the Fe lines were noticeably suppressed when judged against the polished (Fig. 7(a) ) and uninhibited ( Fig. 7(b) ) spectra of MS surface. Inhibition of Fe lines was because of the inhibitory shield that existed on the MS surface. The (%) atomic content of Fe for MS in 0.5 M H 2 SO 4 solution is 54.91% and those for MS dipped in an optimum 10 À2 M (higher) and 10 À5 M (lower) concentration of EBTPPB are 77.13% and 68.64%, respectively. These results specied that the MS surface was coated with the protective shape of EBTPPB molecules. The composition of the MS surface explained that the adsorption of EBTPPB protected the corrosion through p-electron conjugated in aromatic phenyl rings and benzyl group attached with electron donating group. EDX with SEM analysis offered a powerful indication for the existence of EBTPPB protective coating over the MS surface.
Atomic force microscopy (AFM)
AFM serves as a potent tool for the examination and characterization of a variety of samples from nanometer to micrometer length scales. 52, 53 The AFM image of the abraded surface ( Fig. 8(a) ) of the MS without any pre-treatment with sulphuric acid and the inhibitor compound was obtained rst. 
Adsorption isotherm and temperature kinetic effect
The adsorption isotherm confers an insight into the adsorption mechanism and perception on the metal-inhibitor relations and can be ascribed from the curve of surface coverage rate aligned with the inhibitor concentrations. To investigate the adsorption procedure of EBTPPB on MS, respective adsorption isotherms were trialled for the explanation of the adsorption mechanism. 54 The value of correlation constant (R 2 ) obtained in the plots of C/q versus C (Fig. 9) equal to or close to 1 indicates that Langmuir adsorption (LA) isotherm is followed by a particular adsorption process at an appropriate temperature.
The following equation (eqn (6)) represents the adsorption isotherm relationship for Langmuir adsorption isotherm:
where C inh denotes the EBTPPB defender concentration of reaction, q represents the coverage of the treatment on the ---metal surface, which can be obtained from the % IE GP /100 ratio, where IE GP (%) is obtained from the Tafel polarization method (see Table 1 ). K ads signies the equilibrium secure for the adsorption rule. The signicant extent value of K ads indicates the high adsorption capacity of EBTPPB defender on the MS surface. 
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The K ads is interrelated to the change in free energy of adsorption ðDG ads Þ according to the following relation: DG ads ¼ ÀRT lnð55:5K ads Þ
where R denotes ideal gas constant (8.314 J mol À1 K À1 ), T represents temperature and 55.5 xed quantity of the concentration of H 2 O.
The
Enthalpy values were worked out from the slope ðÀDH ads =RÞ of the scheme of the natural logarithm of K ads versus 1/T, which is depicted in Fig. 10 and tabulated in Table 5 .
The values of DG ads and DH ads obtained from eqn (7) and (8), respectively, can now be substituted in eqn (9) to calculate the entropy of the adsorption process using the following equation:
On rearrangement of eqn (9), we get eqn (10) as follows: Table 4 
The thermodynamic parameters achieved from LA isotherm for EBTPPB are reported in Table 5 . The mitigating mechanism is customarily claried with the creation of a physically and/or chemically type adsorbed shield on the sample. The assessments of (À) DG ads signify a spontaneous adsorption practice and strength of the adsorbed barrier of the protector for the sample face. 
where I refers to the corrosion rate and A stands for the preexponential Arrhenius constant. Fig. 11 (a) characterizes the Arrhenius plot of log I against 1/T (K) for the oxidization of MS in 0.5 M H 2 SO 4 solutions without or with the presence of EBTPPB at a level ranging from 10 À5 M to 10 À2 M. In Fig. 11(a) , the slope of every linear t line is specied, and E act is computed {E act ¼ 2.303 Â R Â (slope)}. A graph shown in Fig. 11(b) is plotted between the activation energy and various concentrations of the inhibitor EBTPPB. Scrutiny of Table 6 reveals that E act values are not too high except at 10 À2 M concentration for the inhibited medium (EBTPPB + acid) than uninhibited medium (acid alone), demonstrating a comprehensive route (physisorption and chemisorption) of adsorption action. The active barrier is slighter low, easing the formation of Fe 2+ ions, which act together with the EBTPPB ionic salt to appear as a protective shape. 
Quantum chemical calculation (QCC)
Computational chemistry is not only operated as a viewing tool to examine several chemical compounds but also prominently to modernize an understanding of the behaviour of the various coordinations as a function of their structural characteristics. [61] [62] [63] The optimized geometry and Mulliken's charges are given in Fig. 12(a) and (b) . Fig. 12(c) and (d) give the 3-D isosurface map of E HOMO and E LUMO , respectively. The various optimized AM1 parameters for EBTPPB are reported in Table 7 and associated with their inhibitor effectiveness. As indicated by the Frontier molecular (FM) orbital speculation, 64,65 the pattern of an intermediate position is an outcome of relations among the FM orbital (LUMO and HOMO) of reactants. The E LUMO À E HOMO (DE) gap is an essential stability key. A small LUMO À HOMO energy gap leads to high experimental protective efficiency and stability of the protector in chemical reactions. In the present research, EBTPPB inhibitor has the lowest DE value 7.3774 eV, which assists its adsorption on the MS surface.
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The concepts of activation hardness (g inh ) and soness (s inh ) have also been dened by the LUMO À HOMO energy space. To justify this, the following formula was used:
where s inh and g inh are the attributes to assess the compound stability and reactivity. So compounds are more reactive than hard ones since these may attract electron donor to acceptors promptly. The so molecule has small energy space and large space is present in the hard ones. From our current computational evaluation (Table 7) , we nd that EBTPPB possesses g inh of 3.690 eV and s inh of 0.2710 eV, which conforms with the experimental statistics of mitigation efficiency. The number of transferred electrons (DN inh ) from the EBTPPB protector to MS sample surface was also computed using the following relation:
To evaluate the DN inh , hypothetical data of the electronegativity of Fe, c Fe nearly equal to 7 eV mol À1 , and g Fe ¼ 0 eV mol
À1
and calculated E HOMO (À7.8164 eV) and E LUMO (À0.4340 eV) were used for EBTPPB (see Table 7 ). As stated by Awad's study, 70 when the DN inh value was less than 3.6, the mitigation efficiency improved with enhanced electron-releasing power at the surface of the sample. The value of DN inh (0.3893) signies the number of electrons departing from the donor and going into the acceptor molecule. 67 An enhancement in electron donating capability was evinced by electron donating substituent (-OCH 2 CH 3 group attaches with benzyl group), which enlarges the protection efficiency. It may be insisted that EBTPPB has a high ability to adsorb on the MS surface.
The conned electron densities or charges are necessary for understanding the physicochemical properties of molecules. Mulliken charge scrutiny is frequently applied for the computation of the charge circulation in the structure. From the Mulliken charge densities and analysis, more negatively 
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This journal is © The Royal Society of Chemistry 2017 charged atoms act as an active focal point, which can be adsorbed through donor-acceptor type of reaction on the surface of metal. It is observed from Fig. 12(b) that the charge on central phosphorous atom 3.39 and negative charges in the region of the carbons atoms of the aromatic rings, methylene carbon, oxygen, and bromide are adsorption active centers. The EBTPPB ionic salt is adsorbed on the MS surface using these active sites, facilitating the corrosion mitigation action.
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The smallest the total energy value (À106 439 kcal mol À1 ) is the ground state energy of the coordination. The binding energy of the inhibitor EBTPPB was found to be negative (À6096 kcal mol À1 ), which advocated that the inhibitor was stable and less prone to divide. There is a possibility of interaction of p-electrons of EBTPPB with the MS surface, thereby retarding the corrosion rate because EBTPPB is a polar molecule as indicated by it dipole moment value (7.63m). 
Conclusions
The systematic study of corrosion inhibition of MS was carried out in 0.5 M H 2 SO 4 using various concentrations of an ionic salt (4-ethoxybenzyl)-triphenylphosphonium bromide (EBTPPB) from 298 to 328 K temperatures. The outcomes of these studies can be concluded as follows: Inhibition efficiency of green ionic salt enhances on enhancing the inhibitory concentration (10 À5 to 10 À2 M), and protection takes places with adsorption of the EBTPPB inhibitor on the MS surface. The adsorption of mitigator is conrmed by the Langmuir adsorption (LA) isotherm. The EIS results demonstrate that R ct values enhance with increasing the protector concentration, while the values of C dl reduce with escalating the protector concentration.
The best t of the curves has been found from their corresponding equivalent circuits. The small value of c 2 indicates better t curves. SEM with EDX investigation of the surface conrmed the presence of lms and adsorption of EBTPPB inhibitor on the MS surface.
AFM study revealed that the extent of roughness decreased when the concentrations of EBTPPB were increased from 10 À5 M to 10 À2 M.
QC calculations were accomplished to sustain the adsorption mechanism with the molecular structure of EBTPPB. 
